Abstract Robinia pseudoacacia L. heartwood is characterized by a very high natural durability. However, a significant difference was observed between the mature and juvenile heartwood, the latter presenting less durability against fungi decay, which could be attributed to lower extractive content. In order to elucidate this idea, extractives from mature and juvenile heartwoods of black locust trees were investigated. Results showed that extractive and phenolic contents were higher in mature than in juvenile heartwoods. The identification of phenolic compounds by UPLC-DAD-MS/MS revealed, for the first time, the presence of resveratrol and piceatannol. These two stilbenes as well as the flavonoid dihydrorobinetin were present at the highest level in mature heartwood, and as they are known antifungals, they could account for the great durability of mature heartwood. The stilbenes were detected in significant amounts particularly in mature heartwood where piceatannol reached a level tenfold higher than that reported for Japanese knotweed roots, the primary natural source of these stilbenes, whereas resveratrol level was comparable with reported values. As resveratrol and piceatannol receive increasing demand for Thérèse Sergent and Stéphane Kohnen have contributed equally to this work.
Introduction
Resveratrol (3, 5, 4 0 -trihydroxy-trans-stilbene) and piceatannol (3,5,3 0 ,4 0 -tetrahydroxy-trans-stilbene) (Fig. 1) are stilbenes exhibiting biological activities, mainly antioxidant properties, and are considered to have beneficial health effects, being cardioprotective, antitumor, estrogenic, antiplatelet and anti-inflammatory agents (Athar et al. 2007; Piotrowska et al. 2012; Savouret and Quesne 2002; Tosun and Inkaya 2010) . In the human diet, they are found in limited quantities in grapes and wine as well as in berries and peanuts. Although they can be obtained through chemical or microbial synthesis, their primary natural source is from the roots of Fallopia japonica (Houtt.) Ronse Decraene (or Polygonum cuspidatum Sieb. & Zucc.), an herbaceous plant (Piotrowska et al. 2012 ). Due to their potentialities in the prevention of human chronic diseases, they receive increasing consumer attention as nutraceutical compounds and scientific research interest in order to identify novel natural, inexpensive and widely available sources.
Stilbenes are biologically active secondary metabolites present in various families of flowering plants (angiosperms), such as Vitaceae (grape), Fabaceae (peanut) and Poaceae (sorghum), but are also found in the wood, bark and leaves of a limited number of trees, mostly in gymnosperms such as pines and spruces (Pinaceae) (Chong et al. 2009; Hammerbacher et al. 2011; Krogell et al. 2012) . They are produced either constitutively during heartwood formation or in response to infection or injury and are therefore classified as phytoalexins (Hart and Shrimpton 1979) . Stilbenes possess high fungistatic or fungitoxic properties and are known to be antibiotics (Celimene et al. 1999; Lindberg et al. 2004; Nitta et al. 2002) . Therefore, the accumulation of stilbenes in heartwood has often been suggested as a mechanism of decay resistance and associated with wood durability (Celimene et al. 1999) .
The wood natural durability can be defined as its degree of resistance to attacks by biological agents, principally insects and decay fungi, and is directly associated with the amounts of extractives as well as with anatomical features (Fengel and Wegener 1989; Stevanovic and Perrin 2009 ). The wood extractives, i.e., the 0 -trihydroxytrans-stilbene. R = OH; piceatannol; 3,5,3 0 ,4 0 -tetrahydroxy-trans-stilbene nonstructural compounds present in the heartwood that can be extracted using polar and nonpolar solvents, cover a large number of different compounds, mainly aliphatic compounds such as fats and waxes, i.e., terpenes and terpenoids, and phenolic compounds among which lignans, oligolignans and stilbenes are dominating in softwoods, whereas flavonoids are the most abundant in hardwoods. Lignans and oligolignans are strong antioxidants and radical scavengers (Eklund et al. 2005; Willför et al. 2003) but demonstrated low or nonexistent antimicrobial activity (Välimaa et al. 2007) , whereas, as stilbenes, some flavonoids have fungicidal properties.
Robinia pseudoacacia L. (Fabaceae), commonly known as black locust or false acacia, is a leguminous, i.e., nitrogen-fixing, fast-growing tree originating from southeastern North America and now extensively naturalized in the temperate regions of North America, Europe, Southern Africa and Asia. Due to its high natural resistance, its wood is principally used outdoors for fence posts but also for timber (e.g., beam, railroad sleepers) and barrel manufacturing (Rédei 1996) . In a recent study to define the potentialities of valuation of R. pseudoacacia (Pollet et al. 2008) , the character ''very durable'' (Class 1) evaluated according to technical specification of CEN/TS 15083-1 (2005) was established confirming previous results (Peszlen et al. 2000; Scheffer and Cowling 1966; Scheffer et al. 1944) . Nevertheless, significant differences in wood durability against fungi decay were observed between the adult and mature heartwood, corresponding to the outer part of heartwood, and evaluated as class 1, and the juvenile heartwood located in the inner part of heartwood near the pith, presenting a lesser durability (class 1-2), which could be attributed to differences in extractive content, as reported by several studies (Deon 1983; Dünisch et al. 2010; Pollet et al. 2008; Scheffer and Hopp 1949; Stevanovic and Perrin 2009) . Black locust heartwood extractives are mostly polyphenols, mainly flavonoids that occur principally free as aglycones (Buckingham 1994; Harborne 1989; Kubota and Hase 1966; Roux and Paulus 1962; Sanz et al. 2011) . Acacetin and isoflavonoid derivatives, i.e., pterocarpan and isoflavans, have also been identified in whole tree extract (Tian and McLaughlin 2000) and triterpene glycosides in bark extract (Cui et al. 1992 (Cui et al. , 1993 . Two flavonoids, i.e., dihydrorobinetin (3, 7, 3 0 ,4 0 ,5 0 -pentahydroxyflavonol) and robinetin (3,7,3 0 ,4 0 ,5 0 -pentahydroxyflavone), are the main extractive constituents and possess anti-fungi activities (Freudenberg and Hartmann 1953; Shain 1977) . A higher content of these two phenolics was detected in R. pseudoacacia mature heartwood extractive, in comparison with that present in juvenile wood, and has been related to its higher decay resistance (Dünisch et al. 2010; Magel et al. 1994 ). However, further analyses are necessary in order to elucidate the chemicals implicated in the wood durability (Dünisch et al. 2010; Kirker et al. 2013; Pollet et al. 2008) .
In an attempt to explain the differences in durability observed between juvenile and mature woods (Pollet et al. 2008) , extractives from juvenile and mature heartwood were obtained from R. pseudoacacia, and their content in phenolic compounds was investigated by UPLC-DAD-MS/MS leading to the identification, for the first time, of two stilbenes, i.e., resveratrol and piceatannol.
Experimental procedures

General experimental procedures
Folin-Ciocalteu reagent, resveratrol, gallic acid and myricetin were purchased from Sigma-Aldrich (St Louis, MO). Robinetin and ellagic acid were from LGC Promochem (Teddington, UK); fustin, dihydrorobinetin, liquiritigenin, dihydromyricetin from Extrasynthèse (Genay, FR); fisetin, piceatannol, butein and isoliquiritigenin from TCI (Tokyo, JA).
The UPLC-DAD-MS/MS analysis was performed using an Acquity UPLC (Waters, Milford, MA) system fitted with a photodiode array detection (DAD) detector (Waters) and coupled with a triple quad mass spectrometer (Acquity TQD, Waters). Masslynx (Waters) was used as software.
Plant materials
Juvenile and mature heartwood materials were sampled from R. pseudoacacia trees of over 60 years old, harvested in 2004, as previously described (Pollet et al. 2008 ) and given by the Laboratory of Wood Technology (DEMNA, SPW, Gembloux, BE).
Plant extraction
The wood materials were ground using a 0.5-mm sieve (for wood meal). About 80 g of wood shavings were then mixed with 500 ml of EtOH-H 2 O (1:1). The maceration was carried out at 50°C for 4 h under moderate agitation. The extract was then filtered under vacuum through a quantitative filter no. 4 (Whatman) and evaporated under vacuum; the residual aqueous extracts were lyophilized.
Determination of total phenolics 20 mg of powdered extracts was dissolved in 2 ml of DMSO and mixed with 23 ml of H 2 O. Total phenolic concentration was estimated using the Folin-Ciocalteu assay (Singleton et al. 1999 ). About 0.2 ml of extract samples were mixed with 0.8 mf of Folin-Ciocalteu reagent, 1.2 ml of Na 2 CO 3 at 200 mg/ml and 7.8 ml of H 2 O. After 2 h incubation at RT, the absorbance was recorded at 760 nm. A standard curve was made in parallel with a gallic acid standard. Results were expressed as g of gallic acid equivalents (GAE) per kg of extract or per kg of wood.
Antioxidant capacity determination
Ferric ion reducing antioxidant power (FRAP) assay
The FRAP assay was performed as in Benzie and Strain (1999) with the extracts solubilized in DMSO and then diluted in water. FRAP reagent was prepared freshly by mixing one volume of 310 mg 2,4,6-tri[2-pyridyl]-s-triazine in 100 ml of an aqueous solution of HCl (40 mM) with one volume of 540 mg FeCl 3 .6H 2 O in 100 ml acetate buffer (pH 3.6). This solution was kept at 37°C. Calibration curve was done with aqueous solutions of FeSO 4 ranging between 0.1 and 1 mM. Briefly, 60 ll of blank, FeSO 4 standards or diluted extracts were mixed with 2 ml of FRAP reagent and incubated for 4 min at 37°C. The absorbance was measured at 593 nm. The antioxidant activity of the extract was expressed as millimole of Fe(II) equivalent per kg of extract.
Oxygen radical absorbance capacity (ORAC) assay
The ORAC assay was performed as in Romier-Crouzet et al. (2009) with the extracts solubilized in DMSO. Briefly, 25 ll of blank, Trolox standard or diluted extracts were mixed with 150 ll of 116.8 nM fluorescein and incubated for 10 min at 37°C before automatic injection of 25 ll of 2,2 0 -azo-bis(2-amidinopropane) dihydrochloride (175 mM). The fluorescence was measured every minute for 50 min in a Fluoroskan Ascent FL fluorimeter (Thermo Electron Corp., Boston, MA) with excitation and emission wavelengths of 530 and 585 nm, respectively. The final ORAC values were calculated using the net area under the decay curves and were expressed as moles of Trolox equivalent (TE) per kg of extract.
Identification and quantification of phenolic compounds by UPLC-DAD-MS/ MS
The extracts were solubilized in DMSO and diluted in CH 3 OH prior to injection in the UPLC-DAD-MS/MS system. Compounds were separated in an Acquity BEH shield column [1.7 lm, 2.1 9 100 mm (Waters)]. The binary mobile phase consisting of ammonium acetate buffer, pH 2.6 (A) and acteonitrile (B) was used. The column was thermostated at 40°C. A flow rate at 0.5 ml per min was applied with an injection volume of 3.5 ll. The elution was carried out according to the following gradient: from 5 % of B to 20 % in 7.20 min, increasing to 25 % of B in 2.8 min, then reaching 50 % of B in 1.5 min and 100 % in 0.5 min, remaining at 100 % for 0.5 min, going back to 5 % in 1.5 min during 1.2 min.
The specific MS/MS parameters for each phenolic compound are given in Table 1 . Compounds were identified by comparison with pure analytical standards.
Results and discussion
Extracts were prepared from juvenile and mature heartwood of R. pseudoacacia. As shown in Table 2 , the contents of extractives (extraction yield) and phenolics were higher in the mature heartwoods than in the heartwoods formed during the juvenile phase. This has already been observed in R. pseudoacacia as well as in Tectona grandis, a tropical hard durable wood, and related to the higher natural durability of the mature heartwood compared with juvenile wood, as observed by measurement of their resistance to fungi decay (Dünisch et al. 2010; Haupt et al. 2003; Pollet et al. 2008) . The extracts contained large amounts of phenolics, being richer than that reported in heartwood extracts of other Leguminosae from four species of genus Prosopis and one of the Acacia, where it ranges between 27.1 and 213.8 mg of GAE per g of dry wt (Pizzo et al. 2011) , or in oak (Quercus robur) wood extract, which contains ca. 421.3 mg GAE per g of dry wt (Romier-Crouzet et al. 2009 ). It is worth noting that different methods of plant extraction were used in both references. The extracts also exhibited a large antioxidant capacity, ranging between 6.5 and 8.1 mmol Fe(II) per kg of extract when evaluated with the FRAP assay, and between 8.4 and 9.9 mol TE per kg of extract as determined by the ORAC assay (results not illustrated).
The identification and quantification of the phenolic compounds of the extracts were investigated by UPLC-DAD-MS/MS (Table 3 ). The total amount of identified phenolic compounds, calculated adding the concentrations of individual compounds, represents 42-45 % of the extracts and highlighted a greater amount in the mature heartwood.
Most of the detected phenolics, i.e., (?)-dihydrorobinetin (DHR), robinetin, fustin, ellagic and gallic acids, liquiritigenin, isoliquiritigenin, fisetin and butein, have previously been described in R. pseudoacacia heartwood extract (Roux and Paulus 1962; Sanz et al. 2011 ). In agreement with other studies (Dünisch et al. 2010; Magel et al. 1994; Roux and Paulus 1962; Sanz et al. 2011; Smith et al. 1989 ), a very high content in flavonoids representing more than 95 % of the total phenolic amounts was found, among which DHR and robinetin predominated. DHR, which represented 75-85 % of phenolics, was more abundant in mature than in juvenile heartwood. As DHR was reported to have antifungal activities (Freudenberg and Hartmann 1953; Shain 1977) , it could therefore contribute to the highest durability of the mature heartwood observed by Pollet et al. (2008) .
Furthermore, in the present study, four phenolic compounds were identified for the first time in R. pseudoacacia heartwood by MS/MS spectrometry: two flavonoids, i.e., dihydromyricetin and myricetin, and two stilbenes, i.e., resveratrol and piceatannol. The MS/MS spectra, in negative mode, of the selected ions, i.e, m/z 227 for resveratrol (Fig. 2) and m/z 243 for piceatannol (Fig. 3) , as illustrated for the mature extract in Figs. 2a and 3a , respectively, coincided with those of authentic standards of resveratrol (Fig. 2b) and piceatannol (Fig. 3b) .
Piceatannol and resveratrol occurred in a limited number of trees, such as in the heartwood of Maackia amurensis Rupr. et Maxim., a leguminous Asian tree (family Fabaceae) (Maksimov et al. 1985) and in eucalypts (family Myrtaceae), species presenting a great natural durability (Hillis et al. 1974; Hillis and Isoi 1965) . These stilbenes are also present in economically important plants, such as grape (Vitis vinifera) and peanut (Arachis hypogaea), where they play a role in the resistance of these plants to fungal pathogens (Sobolev et al. 2007; Sparvoli et al. 1994) . In the present study, the two stilbenes were both detected at higher concentration in mature than in juvenile heartwood, which could suggest that piceatannol and resveratrol would also play a role in the higher durability observed by Pollet et al. (2008) with R. pseudoacacia mature heartwood compared with that of juvenile one. This is supported by Hart and Shrimpton (1979) reporting that the special disease resistance of some tropical wood was correlated with a high concentration of hydroxylated stilbenes.
Beside the interest in their antifungal properties, piceatannol and resveratrol receive much more attention and increasing demand these last years due to their various beneficial health effects, and are considered as potentially useful compounds for drug development (Piotrowska et al. 2012 ). In the diet, red grape, black tea drink, apple juice and red wine are the most important sources of these two stilbenes, with only minute quantities of piceatannol. Although studies with grape and peanuts have shown the ability to increase their content following stress conditions, e.g., by UV irradiation (Cantos et al. 2002; Ku et al. 2005) , their primary natural source is from Japanese knotweed (P. cuspidatum) roots, wherein they range, respectively, from 150 to 1770 mg kg -1 for resveratrol and from 25 to 67 mg kg -1 for piceatannol (Benova et al. 2008) . In the present study, large amounts of piceatannol and resveratrol were detected in black locust heartwood. Particularly, in the mature heartwood, the piceatannol was detected at a level of ca. 650 mg kg -1 of wood being at least tenfold higher than in P. cuspidatum, and resveratrol was present at a level of ca. 271 mg kg -1 of wood, comparable with P. cuspidatum reported values. In conclusion, the results of this study demonstrate that R. pseudoacacia mature heartwood can be considered as a new source to produce important quantities of piceatannol and resveratrol.
Conclusion
R. pseudoacacia mature and juvenile heartwood extracts, analyzed by UPLC-DAD-MS/MS, have shown similar profiles in phenolic compounds. However, the flavonoid DHR was found to be more abundant in mature heartwood and could therefore contribute to the highest natural durability of the mature heartwood. Two stilbenes, i.e., resveratrol and piceatannol, were identified at significant concentrations mainly in mature heartwood. Considering their increasing demand for nutraceutical, cosmetic and possibly pharmaceutical uses, this study underlines the use of R. pseudoacacia, a fast-growing and nitrogen-fixing tree, as a promising sustainable and economical source of resveratrol and piceatannol.
